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Optimizing utilization efficiencies in electronegative discharges:
The importance of the impedance phase angle
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We have investigated the operating conditions that result in the greatest utilization efficiencies
(UE9 of NF; CF, and GFg in a capacitively coupled GEC reference cell. We have also
independently measured the rf electrical characteristics and optical emission spectra of the plasmas.
To avoid inadvertently attributing changes in the UE, discharge impedance, rf currents, or atomic
emission intensities to parasitic losses in the matching network or rf delivery system, the rf
generator was adjusted to ensure that the same amount of power was dissipated within each
discharge. For the Nfplasmas, argon was used as a diluent and both thechifcentration and
reactor pressure were varied. For the,@Rd GFg based plasmas, the gas compositions were fixed

(86 mol % CR/0O, and 50 mol % GF;/O,) and the reactor pressure was varied. The greatest NF
UEs occurred within a narrow range of Npartial pressures. The greatest,Gihd GFg UES
occurred within a narrow range of reactor pressures. For all mixtures, operating conditions that
yielded the highest UEs also yielded the brightest plasmas, the lowest impedance magnitudes, the
greatest fraction of current flowing to the grounded electrode, and impedance phase angles within
a narrow window centered nedr,.= —40°. Within this region, plasma power is most efficiently
utilized to dissociate the source gas and excite the atoms that emit light. Collapsed plasmas,
observed for high pressure highly electronegative conditions, exhibited very low UEs. At optimal
operating conditions the UE of the fluorinated source gases were found to decrease in the order:
NF;>C,Fs>CF,. The results of this study suggest that the baseline corrected fluorine atom emission
intensity (703.7 nm, the magnitude of the discharge impedance, or phase angle of the discharge
impedance could be monitored to determine the relative fluorinated source gas UE in an arbitrary
plasma reactor as the operating conditions are varied. The concept of an idgadii& pressure

could prove to be a useful strategy to prevent the formation of collapsed plasmas at high reactor
pressures while maintaining high MFEs. © 1999 American Institute of Physics.
[S0021-897€09)08821-7

I. INTRODUCTION Concern over the global warming potential and long at-
Perfluorocompound@FC3 such as NE C,F, and CR mospheric lifetimes of PFCs has initiated worldwide efforts

are widely used for the removal of residue following plasmal® Minimize their release into the atmosphefef particular
enhanced chemical vapor depositioPECVD).1® In  interestto integrated circuit manufacturers are strategies tar-
PECVD, plasma excitation of source ¢as is used to de- geted at minimizing PECVD chamber cleaning emissions.
posit dielectric or metallic thin films on silicon wafers at One of the most promising is process optimization, in which
re|ati\/e|y low temperatureﬂoo °0O. However, deposition the Operating conditions of the reactor are adjusted to
occurs not only on the wafer, but also on the exposed interachieve the highest PFC utilization efficieritie percentage
nal surfaces of the PECVD chamber. This residue must bef influent PFC consumed during the clgar Although this
removed in order to minimize potential yield loss due tostrategy has been successfully utilized in commercial reac-
microcontamination and to maintain process integtitysitu  tors, much less work has been done to fundamentally under-
plasma removal of the residue is carried out by excitation oktand the operating conditions that result in the greatest flu-
a fluorinated source gas which generates reactive fluorinerinated source gas utilization efficien€yE).»%"€ In this
atoms and radicals. These species react with the depositiaiork we systematically determine the operating conditions
residue forming volatile produces which are evacuated fromhat yield the highest UEs for PFCs commonly used in
the chamber. Although PFCs are used for other plasma preegeCVD chamber cleanindNFs, CF,, and GFg). All experi-
cessing applications, PECVD chamber cleaning accounts fafents are carried out in a rf capacitively coupled GEC ref-
approximately 60%—95% of the use of these gases within thgrence celf. For the NF; based plasmas, argon is used as a

semiconductor industry. diluent and both the Nfconcentration and the reactor pres-
sure are varied. For the GBnd GF¢ based plasmas, the gas
3E|ectronic mail: entleywr@apci.com compositions are fixed86 mol% CR/O, and 50 mol %
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C,Fg/0O,) and the reactor pressure is varied. To determine current probe Lt

how the discharge impedance and the atomic emission inten-

sities change within the experimental matrix, we measure the II I

rf electrical characteristicéi.e., current and voltage wave- ) : | [ optical
wire Ll B 1. emission

forms at the powered electrode and the current waveform at BredpeZoerVpe * S | spectrometer

the grounded electrogl@nd optical emission spectra of the I

plasmas. From the rf electrical measurements we also calcu-

late the actual power dissipated within the discharge. To | scope — s ke

I . . . . voltage probe
avoid inadvertently attributing changes in the UE, discharge e =
impedance, rf currents, or atomic emission intensities to Piy " _f P, E
. . . . T hi —= g
parasitic losses in the matching network or rf delivery sys- |7 I matching Lnt E
tem, the rf generator was adjusted to ensure that the same E

amount of power was dissipated within each discharge. This
last step is critical since as little as 9% of available rf power Mgl
may be dissipated within high pressure highly electronega- T‘
tive discharged®-14

Previously we have shown a strong correlation between
different regions of electrical behavior in fluorinated gas dis- sampling
charges and the mechanisms by which power is consumed reactor]  Mmenifold
within these region$® At low pressures a region character- datio
ized by capacitive impedance is observed in which nearly all
of the plasma power is consumed by ions in the powereﬁrometer onti -

. L - . , optical emission spectrometer, and the current and voltage probes.

electrode sheath. Increasing the pressure within this regiofhe figure also defines the various electrical parameters.
results in a decrease in the magnitude of the discharge im-

pedance, a decrease in the amount of power consumed by the

ions in the sheath, and an increase in the amount of powggater at 21 °C; an indium gasket separates the aluminum and
consumed by the electrons in the bulk glow. At high pres-stainless steel surfaces. Both electrodes are electrically iso-
sures a region exhibiting inductive character is observed. Ingted from the chamber via Teflon insulators and surrounded
creasing the pressure within this region increases the magnhy stainless steel ground shields. The interelectrode spacing
tude of the discharge impedance and causes the glow {8 2.3 cm. Experiments were carried out with the top elec-
contract and eventually collapse to a small bright ring alongrode grounded. Radio frequency power was delivered to the
the edge of the powered electrode and its ground shield. Theottom electrode at 13.56 MHz via a rf plasma products
inductive phase angles observed in this high pressure highlyeneratokRF-59* coupled to the lower electrode through a
electronegative region may be an indication of absorption ofnanually tuneds-type matching networkENI MW-5) and
power by ions in the bulk glow’'>'°Between these two an inductive shunt circfit® that was tuned to 13.56 MHz.
extremes lies a transition region where the brightest plasmas Argon (Air Products VSLI Gradg NF; (Air Products

with the lowest discharge impedances are observed. Regarmegadas@ Grade, O, (Air Products Research Gra€,Fg

less of the gas composition the transition region always OC(Air Products Electronics Gragleand CF (Air Products
curs near an impedance phase angleppf=—40°*'*In  semiconductor Gradavere used as received without further
this work we have chosen to monitor the source gas UE as gurification. Gases enter the cell via a showerhead arrange-
function of impedance phase angle. By correlating the UEnent of holes in the upper electrode; the flow rates are con-
and phase angle we hope to gain further insight into therolled with either MKS 2159%Ar, NF;, O, and GFg) or
fundamental mechanisms occurring in  electronegativeyKks 1159(CF,) mass flow controllers. Feed gas concentra-
plasma processes. Other investigators have used similgbns are calculated from their relative volumetric flow rates.
analyses to correlate changes in plasma parameters with ti®nstant chamber pressure is maintained by a downstream
different mechanisms by which rf power is absorbed in electhrottle valve(MKS 253A) controlled via a signal from an
tronegative discharges as the operating conditions arflKs 128 Baratron capacitance manometer. A corrosive se-

L /— sampling

valve
—mass
spectrometer
. turbo
pump

IG. 1. Schematic of GEC cell showing the placement of the mass spec-

varied:**’ ries hybrid pump(Pfeiffer Vacuum Technologies, Inc. TPU
180 HO exhausts the system.
Il EXPERIMENT The flow rate of N was fixed at 12.5 sccn9.3

umoles/s for each experiment. At each reactor pressure the
All experiments were carried out in a 13.56 MHz capaci-flow rate of argon was varied from 3 to 56.9 sccm in order to
tively coupled gaseous electronics conferefG&EC) refer-  vary the concentration of NFn the feed gas mixture from
ence celf Figure 1 shows a diagram of the cell and its elec-81 to 18 mol %. GF, experiments were run at a total fixed
trical connections. The chamber is constructed of 304low rate of 26.5 sccm, consisting of 12.5 sccm oFg; 12.5
stainless steel. The two piece electrodes are 10 cm in diansccm of G, and 1.5 sccm of Ar. CFexperiments were run
eter, and consist of an outer 6061 aluminum surface fasteneat a total fixed flow rate of 16.0 sccm, consisting of 12.5
via stainless steel screws over an inner stainless steel backisgcm of Cl, 2.0 sccm of Q, and 1.5 of Ar. Only the reactor
which is internally cooled by the circulation of deionized pressure was varied in the)lg and CR experiments; Ar
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was added for the purposes of mass spectrometry and optical 4
emission spectroscopy. For every experiment described in 12.5 seem NF, Ar SRR
this article the setting on the rf generator was adjusted to 6 scem Ar

550 mTorr

ensure that 350.5 W of power was dissipated within the
plasma. The procedure of fixing the plasma powed to
35x0.5 W eliminates the effect of any losses in the rf power
supply/matching network and cell parasitics associated with
a given source gas and reactor pressure setting.

Electrical measurements were carried out as previously
described® After characterizing the cell parasitics, an
equivalent circuit model was used to convert the measured | | _
signals(ly,, Vi, andly) into the signals of interest ., A
Vper lge, andVyo)."?°Herel . is the current flowing from
the surface of the powered electrode into the plasvia,is
the rf voltage on the surface of the powered electrogleis FIG. 2. Typical full range mass spectra acquired for a 68 mol %/NFgas
the current flowing from the plasma to the surface of themixture at 550 mtorr with the applied rf power offfOFF) and with the
grounded electrode, arkdy. is the f voltage on the surface. S2PAec Pouer oW, Uoon sopleation of e 1 power 2 sigifcant
of the grounded electrodevhich is not zero due to the para- new gaseous species are formed in the dischargeRM
sitic series resistance and self inductance of the grounded
electrode assembly The voltages are referenced to the

ground shield of the powered electrode. Only the Fourier . . - .
components of the measured signals at 13.56 MHz are réi_|ctated by its greater precision. Although the formation of

ported here. Harmonic components were also recorded, bmasma generatedR, in the discharge would preclude the

previous experiments under similar conditions showed thaVS?_Of the NE (52 m/e peak to _calculate t_he utilizat_ion
they carried no significant powe? efficiency of NF;, we found no evidence for its formation;

onceV,, andl . are determined, both the power flow- the ratio of the N (52 m/g peak to the NE (71 m/g peak
ing from the surface of the powered electrode into the dis_remalned constan.t throughout the entire experimental matrix,
charge P,e), and the combined impedance of everythingas observed previousfy.For the Ni and CR based plas-

downstream of the powered electrodg,§) can be obtained. a3 @ Mass range of 4-84 amu was scanned, while,fgy C

These quantities are given by the following equations, wher@aS€d discharges a mass range of 3-143 amu was scanned.

b0 is the phase angle d,. (i.e., the phase oV, with Full range mass spectra were acquired for each experimental

rer;epect o) pe pe point, at the specified gas flow rates and pressure, with the
pe):

radio frequency power offrfOFF) and with the radio fre-

Ton Signal Intensity (arb. units)
~

m/e Ratio

Vel pe qguency power orfrfON).
Ppe=—5" COS¢pe, 1) Figure 2 compares the rfON and rfOFF mass spectra for
a 68 mol% NR/Ar discharge at a reactor pressure of 550
~ Vpe mTorr (73.3 Pa. Upon application of the rf power, the
Zpe_m- 2 source gas is dissociated and a significant decrease is ob-

. ) i served in nearly all of the original ion signal intensities and
The |mpedance17_p'e includes the impedance of the plasma o\ ion signals corresponding tg Km/e=38) and N; (m/
sheaths and the impedance of the bulk plasma; no attempL »g) are observed. Of particular interest is the decrease in
was made to numerlcally separate the impedance of thg At (m/e=40) ion signal intensity. Since the feed gas
sheaths from the impedance of the plasma. flow rates are fixed and the reactor pressure is held constant

Plasma processes were monitored with a UTI 100G,y means of a variable throttle valve, the decrease in tHe Ar
quadrupole mass spectrometer fitted with a low pressurgy e—40) ion signal intensity is due to an increase in the
sampling system. A differentially pumped sampling mani-qo¢a| molar flow rate of exhaust gases as the molecular source

fold was installed to ensure a fast sampling responseyas is fragmented and new gaseous species are fofergd
samples of the neat plasma effluent were extracted upstreaﬁ; and Ny). This increase in the total molar gas flow rate

of the throttle valve(Fig. 1). To avoid problems associated gecreases the partial pressure of Ar in the reactor and conse-
with the buildup of source gas residue in the mass spectromyently decreases its ion signal intensity. This effect also
eter, the majority of the experiments were carried out witheonribytes to the decrease in the ion signal intensities of the
the mass spectrometer heated to 120 °C. This procedure Nisrinated gas fragments. Thus, upon application of the rf
only has the advantage of removing the background Contambower, the decrease in the intensity of the Nfn/e=33),
nants, but also inhibits surface adsorption of the gases %F}z(m/ezSZ), and NF =(m/e=71) peaks is due not only

mterestz.ll . to the consumption of the source gas, but also to the increase
Relative partial pressures of Ar, NFCF,, and GFs i, he total molar flow rate of exhaust gases.

were determined by monitoring the intensity of the following Source gas UEs were calculated from E2):

ion fragments in the mass spectrometer:*@0 m/e,

NF;, (52 m/g, CF; (69 m/e, and GFZ (119 m/é. The choice - ( | sG(rfON) 1 40(rfOFF) ) } 100

of the NF; (52 m/@ peak over the NF (71 m/@ peak was [ 4o(rfON) | 5g(rfOFF) '

UE(%)= (3
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wherel ¢ is the ion signal intensity of the appropriate mo- 4000
lecular source gas fragment ahg is the ion signal intensity @
of Ar™.2 In Eq. (3) the ion signal intensity of argon is used
as an internal standard to correct for the increased molar flow Té‘
rate of exhaust gases upon generation of a plasma. This cor- g
rection is critical when sampling the neat plasma effluent
from a reactor; without the use of an internal standard our
calculated UEs were overestimated by as much as 13%. Un-
less otherwise shown, the reproducibility of the calculated
UEs are approximately-4%.

In the GF¢/O, discharges the ratio of the m#&9 signal
(CF;) to the m/e=119 (GF.) signal with rfON was signifi- 0
cantly larger compared to the ratio with rfOFF. The increase

3000 +

N 2000 [

1000 +

’ A . . 20 |
of this ratio with rfON is due to the formation of plasma
generated CF which contributes to the intensity of the 10
m/e=69 signal, but not to the intensity of the m/&19 = 0+
signall® Since the ratio of the m/e69 ion signal intensity to g -0+
the m/e=119 ion signal intensity arising from ,€; is the é" 20 |
same for both rfON and rfOFF, the)kg contribution to the 2 30k e 110 mTorr
intensity of the fON m/e=69 signal can be calculated from = 40 F & 330 mTorr
the following relationship: s0 —a— 550 mTorr
B T —e— 1100 mTorr
| 6o CoF) | ol CoFe) 0
[—69 28 |t :[—69 z 0 }rfOFF_ (4) 70 By
I 11 CoFg) I 11o CoFg) 0 100 200 300 400 500 600 700 800 900

NF, Partial Pressure (mTorr)
The plasma generated ¢Eontribution to the intensity of the
rfON m/e=69 signal is obtained by subtracting the calcu-F!G. 3. Plasma impedance magnitud® and phase angléb) for the

. . . i NF3/Ar plasmas as a function of the Npartial pressure, where the NF
lated C%FG rfON m/e=69 Slgnal Intensity from the total in partial pressure in the reactor is calculaf@ibr to initiating a discharge.

tensity of the fON m/e=69 signal. The rate of information The circle data points represent collapsed plasmas. All data points corre-

of plasma generated GREan then be obtained from the fol- spond to a fixed plasma poweP(,) of 35.0+0.5 W and 12.5 sccm of N
lowing equation: at each reactor pressufgiven in the legendthe mixtures range in compo-
sition from 18 to 81 mol % NE

[|69(CF4)]rfON 8(CF4)
[169( CoFe) lrton £(CoFe) ll. RESULTS

[ CFy(scem ] iion=

X[ CoFg(scem ] ons (5 Impedance measurements as a function of sénhcen-
tration were obtained at each reactor pressure. Both the im-
where the terme(CF,)/e(C,Fg) accounts for differences in  pedance magnitud¢Zpe|, and the impedance phase angle,
the ionization efficiencies and mass spectrometer responsés,., are strong functions of the reactor pressure and NF
of the GFs and CR. The ¢(CF,)/e(C,Fg) term was evalu- concentration(i.e., the Nk partial pressure in the reactor
ated from calibration daf4 and the[ C,Fg(sccm] oy term  prior to initiating a discharge Figures 3a) and 3b) show
was evaluated from the calculated utilization efficiency of|Z,¢| and ¢, as a function of the N partial pressure at
the process. Equatiofb) was used to calculate the rate of each reactor pressure, respectively. At 110 mTApg| ini-
formation of the plasma generated QR all of the GF;/O,  tially decreases, reaches a shallow minimum, and then in-
plasmas. creases as the Npartial pressure is increased. At this pres-
Optical emission spectra were collected with a SC Techsure |Z,,¢| is small (<550 (1) at both low and high Nf
nology Model PCM-401 full wavelength spectrometer utiliz- partial pressures. At higher reactor pressdliqg increases
ing a fiber optic cable to collect light from the plasma. Thesharply as the Nfpartial pressure is increased. Throughout
fiber optic cable was mounted on a quartz window and centhe entire experimental matrix, increasing the ;Npartial
tered between the powered and grounded electrodes. Becaysessure results in a more positive phase angle. At the high-
the fiber optic cable accepted light over a wide range ofest NR partial pressur¢Z, | is very large(>2000(2), and
incident angles, the emission intensities were spatially averthe phase angle is inductige., positive. Our results are
aged. The instrument grating was adjusted to collect emissonsistent with impedance measurements of MFplasmas
sion intensities between 577 and 877 nm, at a resolution gfreviously reported in the GEC céfl.
0.5 nm. Emission intensities were time averaged. The base- The circled data points in Fig. 3 represent collapsed plas-
line corrected peak intensities at 703.7, 750.4, and 777.4 nmmas. Collapsed plasmas are glows which are largely confined
were used to monitor the relative concentrations of the exto a small region along the edge of the powered electrode
cited state fluorine, argon, and oxygen atoms in the disand its ground shield, the balance of the electrode gap glow-
charge, respectively. ing very dimly or not at all. The formation of collapsed plas-



J. Appl. Phys., Vol. 86, No. 9, 1 November 1999 Entley et al. 4829

1600 65
;\; o 110 mTorr
1400 4 : 60 & o = m 330 mTorr
1200 L 2 e - ot Ao 550 mTorr
? .g s m ¢ 1100 mTorr
E ol 2 55 . " "
= = ® A,
= 800t = N
N L 50+ A
600 b= Decreasing NF, e
T N Partial Pressure
400 | S 45 1 ®@E ®
FT-T Increasing NF,
200 Z 40 [ Partial Pressure @ @
L Y (a) —_—
-10 £ 35
7 204 n
Y
Y | |
o 200 ] A
A =2 Y "
< S s
= 50 } % = ® a
—o— CF, £ . 150 1 S [ ]
60 s CF, E< ® .
70 [SEGE ® .
E g Aaa
-30 . } ' s g 100 L
0 500 1000 1500 2000 < 2
= 2
Pressure (mTorr) 50 - .
FIG. 4. Plasma impedance magnitu@ and phase anglé) for the 86 b) ©@@§
mol % CF, /O, and 50 mol % GF¢/O, plasmas as a function of the reactor 0 T T PP T TP T
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FIG. 5. NF; utilization efficiency(a) and baseline corrected fluorine atom
emission intensityb) for the NF;/Ar plasmas as a function of the complex

mas in electronegative discharges in the GEC cell has be Pﬁ’eda”ce phase angle. Atimpedance phase angles leggthat40° the
d ibed in detail dits f d by high . 5 UE and fluorine atom emission intensity decrease as thg péRial

escribed In eFa| » and its favored by hig con_c_entratlons_o ressure is decreased. At impedance phase angles greateffhan 40°
electron attaching gases at low power densities and higihe NF, UE and fluorine atom emission intensity decrease as thepifial

pressures>?® At 1100 mTorr, all of the NE/Ar discharges  pressure is increased. The circled data points represent collapsed plasmas.
collapsed except for the most dilute gas mixture, 18 mol 9!l data points correspond to a fixed plasma powBpd of 35.0=0.5 W
NF3/Ar. In all subsequent figures, circled data points repre—gggitilfff;crﬁ”l'; ftONgla:ni?;? ,il? ctor pressure the mixtures range in com-
sent collapsed discharges.

Impedance measurements of the 86 mol %, /Cr and
50 mol% GFg/O, plasmas are shown in Fig. 4Z,¢ is  fluorine atom emission intensity. The most significant feature
shown as a function of pressure in pait@l, while ¢,. is  in Fig. 5 is the presence of maxima in both the UE curve and
shown as a function of pressure in pafiel. The pressure the fluorine atom emission intensity curve nefgy,= —40°
dependence of the complex impedance of both the @@  (i.e., within the transition region At lower reactor pressures
C,Fg based discharges are very similar. As the reactor preg110 mTorp, increasing the Nf- partial pressure increases
sure is increasedZ,| initially decreases, reaches a mini- the NF; UE and the fluorine atom emission intensity, while
mum and then increases; the smallest vaIue$Zgg| are  at higher reactor pressurés330 mTor) increasing the Ni
observed between 330 and 550 mTorr. At low pressuigs  partial pressure decreases the;NFE and the fluorine atom
is strongly negative, but it becomes more positive as the@mission intensity. In both the low pressure capacitive and
pressure is increased. At the highest reactor presspiges high pressure inductive regions, dimmer plasmas with lower
becomes inductivdi.e., positive. The highest impedance UEs are observed. Throughout the entire experimental ma-
magnitudes of the GFand GFg based discharges are signifi- trix the fluorine atom emission intensity appears to mirror the
cantly lower than the highest impedance magnitudes of th&lF; UE: higher fluorine atom emission intensities corre-
NF;/Ar discharges; similar results have been reported byspond to greater NFUEs. Of particular interest is that
Langanet al!! The GFg based discharges collapsed only atchanges in the Ar flow raté.e., the NR concentrationand
the highest reactor pressures, 1500 and 2000 mTorr. No cathe reactor pressure vary the NBE from 60% to 41%. The
lapsed plasmas were observed for any of thg/OF dis-  rather low emission intensities of the collapsed plasmas are
charges. Our results are consistent with impedance measurtize result of the plasma emission being less efficiently
ments of CR/O, and GFg/O, discharges previously coupled intothe spectrometer when the discharge is confined
reported in the GEC celf?® to a small region adjacent to the edge of the powered elec-

The UE of NF; at each reactor pressure is shown as drode. The collapsed plasmas have the lowest MEs in the
function of ¢, in Fig. 5@); 5(b) shows the corresponding entire experimental matrix, presumably because a significant
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FIG. 6. CR, and Q utilization efficiencies(@ and baseline corrected fluo- FIG. 7. GF and G utilization efficienciesa) and baseline corrected fluo-

rine, argon, and oxygen atom emission intensitigs for the 86 mol%  rine, argon, and oxygen atom emission intensities for the 50 mol %

CF,/0, plasmas. Pressures corresponding to selected data points are shov@F; /O, plasmas. Pressures corresponding to selected data points are

All data points correspond to a fixed plasni,f) of 35.0+0.5 W and 12.5  shown. The circled data points represent collapsed plasmas. All data points

scem of Clz. Cubic or quadratic fits to the data are shown by the solid correspond to a fixed plasma powé?,() of 35.0=0.5 W and 12.5 sccm of

curves in each panel and meant only as guide for the eye. C,Fs. Cubic fits to the data are shown by the solid curves in each panel and
meant only as guide for the eye.

fraction of NF; can flow directly through the reactor without

passing through the small brightly glowing region. The dim-  Similar behavior is observed for the 50 mol %Fg/O,

mer plasmas with lower UEs observed in the low pressur@lasmas. Figure(d) shows the GFg and Q UEs as a func-

capacitive region are presumably the result of plasma powetion of ¢,., while panel(b) shows the corresponding fluo-

being consumed by ions in the powered electrode sheattine, argon, and oxygen atom emission intensities. As ob-

rather than by electrons in the bulk gldw. served for the NE/Ar and 86 mol% Ck/O, plasmas the
The correlation between brighter or more dense plasmasource gas UEEC,Fg and Q) and atomic emission intensi-

and higher source gas UEs is observed for other electroties(fluorine, argon, and oxygémll exhibit a maximum near

attaching gases. To illustrate, consider the 86 mol %/OF  ¢,.= —40°. These maxima all occur between 330 and 550

discharges. Figure(8) shows the Clrand Q UE as a func- mTorr. At both lower and higher pressur@<., in the low

tion of ¢,e, while Fig. §b) shows the corresponding fluo- pressure capacitive and high pressure inductive regions

rine, argon, and oxygen atom emission intensities. Themaller source gas UEs and weaker fluorine, argon, and oxy-

source gas UEs and the atom emission intensiflasrine,  gen atom emission intensities are observed. The maximum

argon, and oxygenall exhibit a maximum near¢,. O, UE and maximum oxygen atom emission intensity both

=—40°. Smaller @ UEs and weaker fluorine, argon, and occur at a more negative phase angle than either the maxi-

oxygen atom emission intensities are observed at both lowenum GFg UE or the maximum fluorine or argon atom emis-

and higher pressurdse., in the low pressure capacitive and sion intensities. The collapsedkg based plasmas have low

the high pressure inductive regioninterestingly the maxi- source gas UEs.

mum O, UE is shifted towards a more negative phase angle C,Fg plasmas can generate various amounts of, de-

(i.e., a lower pressujethan the maximum fluorine, argon, pending upon the specific process conditibAsFigure 8

and oxygen atom emission intensities. However, in generakhows flow rate in sccm of plasma generated, @&r sccm

brighter or more dense plasmas correspond to greater souroé C,Fg in the 50 mol % GF4/O, plasmas, as a function of

gases UEs. Note the maximum in the JOBE curve is not ¢ .. The flow rate of plasma generated LC#osely tracks

sharply defined because the difference between the largesite changes in the J£5 UE [Fig. 7(a)]; higher GFg UEs

and smallest CFUE is not much larger than the reproduc- generate greater amounts of CIEven the lowest ¢ UE

ibility of the individual measurements. observed in this series of experimeri29% at 50 mTorr
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0.30 the greatest fraction of current flows to the grounded elec-
0.28 £ trode. Similar results have been reported by Sobolewski

026 b et al’® and Steffenet al?®

0.24 ©

022 £ IV. DISCUSSION

020 £ { Our results clearly show that for every gas mixture in-
0.18 + vestigated in this series of experiments there is a region of
o.16 £ minimum discharge impedance and maximum current at the

Plasma Generated CF , (sccm)

grounded electrode, where the source gas UEs and the
ot ‘ . ‘ . ‘ . ‘ . atomic emission in.t(.ansities are m'aximi.zed. Although the ex-

"T 80 70 60 50 40 30 20 10 © 10 act operating conditions where this region occurs are specific
to a given gas mixture, all gas mixtures investigated exhib-
ited this region within a narrow window of impedance phase
FIG. 8. The rate of production of GRper sccm of GFg in the 50 mol % angles antered newpe: _40_0 (I'e'_’ the tr_ansmgn reglon
C,F4/0, plasmas. The circled data points represent collapsed plasmas. Al "€ maximum UEs and atomic emission intensities observed
data points correspond to a fixed plasma powRy) of 35.0:0.5 W and ~ near ¢,.= —40° arise from two effects: the increasing ab-
12.5 sccm of GRg. A q_uadratic fit to the data is shown by the solid curve sorption of power by ions in the sheath at phases that are
and meant only as guide for the eye. more negative, and the contraction and collapse of the dis-

charge at phases that are more positive.
At low total pressures, or low partial pressures of elec-
generates 0.16 sccm of CFor each sccm of @ fed into  tronegative gas, the phase angle is strongly negative because

0.14 £

¢pe (degrees)

the reactor. the discharge impedance is dominated by the capacitive im-
Figure 9 shows a plot of the NFUE, in the high pres- pedance of the sheath at the powered electtodéhen the
sure inductive and transition regions, as a functionllgf|,  pressure increases, the sheath width and the capacitive im-

where|l ¢ is the magnitude of the current flowing from the pedance of the sheath both decrease. The decrease in the
plasma to the grounded electrode. Operating conditions thaapacitive impedance of the sheath relative to the resistive
favor high currents to the grounded electrode favor high NF impedance of the plasma causes the phase to become less
UEs. In contrast, operating conditions that have the loweshegative as the pressure increases. It also causes a greater
currents to the grounded electro@ee., collapsed plasmas fraction of the applied voltage to be dropped across the
have the lowest UEs. plasma, so that the dc and rf voltages across the sheath de-
Plots of |I4¢/lpelvs ¢pe for all three gas mixtures crease. This produces a decrease in the power absorbed by
(NF3/Ar, 86 mol % CR/O,, and 50 mol % GF¢/O,) exhibit  jons in the sheath. Consequently, more of the total plasma
maxima nearp,.= —40°. Thus within the transition region power, P, is absorbed by electrons in the glow, resulting
in greater optical emission intensities and greater UEs. Simi-
larly, if the partial pressure of the electronegative gas is in-
65 creased at a constant total pressure the electron density in the
plasma will decrease, causing the resistive impedance of the
plasma to increase relative to the capacitive impedance of the
sheath. This results in a shift towards less negative phases,
less power absorbed by ions in the sheath, more power ab-
sorbed by electrons in the glow, and greater optical emission
intensities and UEs. Equations for the power absorbed by
ions in the sheath and the power absorbed by electrons in the

NF; Utilization Efficiency (%)

st plasma are reported elsewhéré’?’
e 110 mTorr . . .
w330 mTorr At high total pressures, or high partial pressures of elec-
wl A+ 550 mTorr tronegative gasjzpe| is large and a different type of behav-
e 1100 mTorr ior is observed. Under these operating conditions, the phase
wbo angles are close to zero or posititel131%162ndicating
0.0 o4 o2 03 o4 that the resistive or inductive impedance of the bulk plasma
. dominates the capacitive impedance of the shedths'®in-
g (AMPS) creasing the pressure, or the partial pressure of the electrone-

FIG. 9. NF; utilization efficiency as a function of the magnitude of the gative gas, causes the Filsc-harge to bec_ome. less r?‘dla"y uni-
current flowing from the plasma to the grounded electrotjg) (in the form, eventually collapsing into a small ring-like region near
NF;/Ar plasmas. All data points correspond to a fixed plasma poRgy)(  the edge of the powered electro?&® This collapse of the

of 35.0+0.5 W and 12.5 sccm of Nfat each reactor pressure the mixtures discharge can be explained by impedance argunjréﬁtbe

range in composmon_from 18 to 81 mol % BIFA Ioganthmlc fit to the data Ire5|st|ve Impedance of the bulk plasma decreases with in-
is shown by the solid curve and meant only as guide for the eye. No

included in this figure are the high Ar flow rate 110 mTorr discharges Whichpreasmg current d_enSitY- If the_current d_enSity along one F_’ath_
show a strong deviation from the depicted trend. increases, the resistance of this path will decrease, causing it
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to draw additional current at the expense of other currengnal range of NE partial pressures to higher pressiremnd
paths in the discharg®.This provides a positive feedback increases the NFUE.

mechanism that eventually results in the collapse of the dis- As the NFR, partial pressure increases above 80 mTorr,
charge. As the brightly glowing discharge contracts andz,.| begins to rapidly increase and, at partial pressures
eventually collapses, the optical emission intensities, colgreater than 300 mTorr, becomes extremely large. These
lected from the center of the discharge, are less efficientlyarge|Z,|'s are consistent with the very electronegative na-
coupled into the spectrometer. This accounts for the decreasere of NF;. At the electron energies commonly found in low

in the optical emission intensities as the discharge contractemperature discharges, NRas a high dissociative electron
and collapses. Presumably the decrease in UE as the glowapture raté’ Dissociative electron capture efficiently se-
contracts and collapses is the result of a large fraction of thquesters the electrons and creates negative ions in the dis-
feedgas flowing through the reactor without entering thecharge; even at modest Npartial pressures the negative ion
relatively small volume of intensely glowing plasma. Ab- density can be two orders of magnitude greater than the elec-
sorption of power by ions in the bulk glow, suggested by thetron density?®*° The electron concentration may be further
inductive phase angles within this region, may also result imreduced by the formation of molecular fluorine within the
less efficient use of the plasma power for source gax;)lasmaﬁl since b also has a large dissociative electron cap-
dissociation->1%16 ture rate under similar operating conditiolisThe low elec-

For each gas mixture the fluorinated source gas URron concentration and the high negative ion concentration
shows an almost exact correlation with the fluorine atonmyesult in very high bulk impedances with significant induc-
emission intensity at 703.7 nm. For a fixed argon flow ratefive charactef®~1#1This accounts for the dramatic increase
the fluorinated source gas UE also shows an almost exadi the discharge impedance with increasingsNartial pres-
correlation with the argon atom emission intensity at 750.45ure. As shown in Fig. 5, these high pressure high impedance
nm. This suggests that in a given plasma reactor the fluoringonditions result in particularly poor source gas dissociation.
or argon atomic emission intensity could be used to deterWithin this region lower Ng UEs are observed as the glow
mine the relative fluorinated source gas UE as operating corfontracts as the impedance magnitude increases. The lowest
ditions are varied. Our experiments show that this procedurb/Fs UES are observed when the discharge collapses. In this
is valid for fixed NF; flow rates or, in the case of GFD,and ~ €as€ a S|gn|f|_cant fracuqn of NFean flow dlrectly. through
C,F4/0, discharges, for fixed source gas flow rates. Furthef€ reactor without passing through the small brightly glow-
experiments would be necessary to verify this procedure fofd region of the collapsed plasma. Presumably similar rea-

variable fluorinated source gas flow rates. Although the oxySONiNg accounts for the decrease in the;Nfe as the glow

gen atom emission at 777.4 nm was also maximized withirfontracts prior to collapsing. Absorption of power by ions in

the transition region, it did not show as strong a correlatio&h_fh_butlﬁ gloW’ suggestled by IITQ |Induct|f\f/_e_ prlase a??rl]es
with the fluorinated source gas UE for every gas mixture’' -1 IS TEGION, may aISo resuft in fess & |cl|6en use orthe
examined?® plasma power for source gas dissociattofr'® Although

It is instructive to consider the change in the ]NBE as the largesiZy,|'s of the CF/O, and GFs/O, plasmas are

a function of the Nk partial pressure, where the Mpartial significantly lower than the largesZ,d's of the _Nﬁ/Ar

) . . L ) plasmas, the CFO, and GF¢/O, plasmas also exhibit lower
pressure in the reactor is calculagedor to initiating a dis- UEs at higher impedances
charge. As ShOW'f‘ in Fig. 5 increasing the Jpartial pres- The argon diluent could also play an active role in de-
sure(i.e., decreasing the Ar flow rgtat 110 mTorr results in

. i th hile | 0 th l termining|Z,,¢| in NF3/Ar discharges. For example, in addi-
an increase in the NFUE, while increasing the Nfpartia tion to the ionization of Ar atoms, dissociative collisions of

pressure at higher reactor pressures results in a decreasejfmetastables and ions with negative ions and electron

the NF; UE. This suggests that there is an optimal range otantring species (NFF,) may also produce an increase in
NF; partial pressures where the UE is maximized. In OUliye free electron concentration in the dischaig:33-35
experiments this optimal range of hpartial pressures falls  Higher electron densities result in brighter or more dense
betwc?en apprquately 5Q and 150 m'Il'o.rr; within this reglon&asmas with lowetZ,,'s and higher NE UEs. These con-
the discharge impedance is near its minimum value and botBepts are consistent with the results of Hayashi and co-
the current flowing to the grounded electrode and the fluoringygrkers who have shown that the electron density in 3 NF
atom emission intensity are near their maximum valuesgischarge increases with the addition of AiSimilar results
Thus the transition region corresponds to a narrow windowygve been suggested in B®lased plasmaS. The addition

of NF; partial pressures where the NEIE is maximized.  of Ar to a discharge can also result in changes in the reactive
Although the range of Nf-partial pressures corresponding to species concentrations due to changes in the electron energy
the transition region is specific to our reactor and stronglydistribution and the average electron eneiyy.

depends upon the operating conditions, the concept of an The reaction rates for electron-molecule and electron-
ideal NF; partial pressure may be generally applicable to anyatom reactions strongly depend upon the electron energy via
plasma reactor constrained to a fixed applied rf power. Fothe excitation cross section for a given reactiorf For ex-
example, previous experiments by Langdral. have shown ample, the peak dissociative attachment cross section of
that the maximum etch rates of Si@nd SiN, at different  C,Fg ( ~1.5x10"*7 cnm?)*® occurs at an average electron
total pressures all occurred at a relatively constary pi-  energy of 3.8 eV while that of 9(~1.4x10 8 cm?)*® oc-

tial pressuré? Increasing the rf powerR,¢) shifts the opti-  curs at average electron energy of 6.7 eV. Thus the density
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of the electrons capable of a given reaction may change asipated within the plasma may contribute to the differences
the electron energy changes. Such differences in the densibetween our results. Recall that in our experiments the ef-
of electrons of a given energy may account for the fact thafects of power coupling efficiencies were eliminated by en-
the maximum source gas UEs and the maximum atomisuring that the same amount of power was dissipated within
emission intensities occur at slightly different valuesfgf. ~ each discharge.
in different gas mixtures. Other investigators have reported that the source gas UE
Although a number of processes, such as electron impadtcreases as the residence time is incred$é@®molinsky
dissociation, contribute to the consumption of a fluorinatecand Flamm have shown that in &©, plasmas higher GF
source gas in a discharge, it is interesting to note that the)Es are obtained for longer residence tirfit&runo et al.
relative UEs of the source gases vary in the same order as th@ve reported that in neat Niplasmas the UE increases as
magnitude of their dissociative electron capture rates, at théhe residence time is increaséddowever, in our experi-
electron energies commonly found in low temperaturements we do not find that the longest residence times yield
discharge$3°4° NF; has the largest dissociative electron the highest source gas UEs. To illustrate, consider the
capture rat® and the largest UE, while GFhas the smallest C,Fs/O, discharges. Since the total flow rate is held constant
dissociative electron capture rfteand the smallest UE. In and the pressure is controlled by means of a variable throttle
fact the smallest NFFUE observed in this series of experi- valve, the residence time is directly proportional to the total
ments is just below the maximumyEs UE and significantly pressuré® As the pressure is increased above 550 mTorr the
larger than the maximum GFUE. Other investigators have source gas UEs decrease. For these plasmas the greatest
reported significantly higher fluorinated source gas UEs unsource gas UEs are not obtained at the longest residence
der different operating conditionée.g., higher applied rf times but rather at intermediate residence times correspond-
powers, different source gas compositions, )ét¢®41-44 ing to the transition regioribetween 330 and 550 mToyr
However, we expect that the trend in the relative UEs ofwhere the discharge impedance is minimized and the greatest
NF;, CFs, and Cl (NF;3 UE>C,Fs UE>CF, UE) should fraction of plasma power is absorbed by the electrons in the
be the same in different plasma reactors under similar opeRUlk plasma. Similar behavior is observed for both the
ating conditions. For example, in a commercial PECVD re-CF4/O;, discharges and NFAr discharges. Differences be-
actor Langaret al. have reported the relative UEs of )fF tween our results and those of other investigators are likely
C,Fs, and CR vary in the order: NE>C,Fs>CF,.! due to differences in operating conditions and reactor con-
Previous work has shown that for a fixed applied rffigurations. We suspect that under appropriate operating con-
power the power coupling efficiendghe percentage of the ditions these investigators would also observe a decrease in
available rf power that is dissipated within the plagne  Source gas UE with increasing residence time. .
related to|Z,Jin high pressure highly electronegative dis-  Although etch rate experiments were not conducted in
charges; higheiZ, s result in smaller power coupling this series of experiments, a strong correlation between.the
efficienciest’ 14 Thus higher impedance NMased plasmas fluorine atom emission intensity and the etch rates of,SiO
may have smaller power coupling efficiencies than lower im-2nd SiN4 in NFs/Ar discharges has been reporﬂ@dThe
pedance GFs based plasmas. To illustrate, Langehal.  ©tch rates of both materials were found to increase linearly
have reportediZ, |, ¢pe, andP,, for 25 mol % NF/Ar and with the f_Iuorlne af[(_)m emission |nten3|ty over a Wl_de range
50 mol% GF/O, discharges in a rf capacitively coupled of ngratlng Con_d|t|ons. Since the maximum fluorine atom
reactor under similar operating conditiolisThe higher im- ~ €mission intensity was determined to correspond to the
pedance 25 mol% NFAr discharge exhibited a signifi- greatest Nk UES.II’] the ex.perlments reported in this article,
cantly lower power coupling efficiend§l 7% than the lower the same operr_sltmg con_dmons may also prgducg the f_astest
impedance 50 mol % £E4/O, discharge(>43%). At lower etch rates of S|§)and_S§,N4 sub_strates. Previous mvesnga—
applied rf powers and higher pressures even larger differlors have shown thatin GFO, discharges the fluorine atom
ences would be expected. Thus change$Zi,g]5| may not em|s's4|é)£17|nten5|ty is not strictly proportional to thg etch rate
only affect the mechanisms by which power is consumed’ Si- " Nevertheless, we suspect that the maximum etch
within a plasma, but can also affect the percentage of availl@t€ would occur within or very near the transition region
able rf power that is dissipated within the discharge. InterWhere brightest or most dense plasmas with the maximum
estingly, Scofielcet al. have recently reported that in §RAr CF, UEs are observed. Similar results are expected for the
discharge$Z,,was minimized and the power coupling effi- CoF6/O, discharges.
ciency maximized nea,.= —45°* This suggests that in
an arbitrary plasma reactor _eltHlepe|(_)r $pe could be moni- , ~5NcLUSION
tored to determine the relative fluorinated source gas UE as
the operating conditions are varied. The operating conditions to achieve the greatest fluori-
Koike et al. have recently reported that for a fixed ap- nated source gas UEs in BiAr, 50 mol % GF¢/O,, and 86
plied rf power the UE of NE, C,Fg, and CFR varied in the  mol % CF,/O, plasmas for a fixed amount of plasma power
order: GF¢>NF;>CF,.% Since these investigators did not have been determined, while simultaneously measuring the
operate at constant plasma powét,(), their results may rf electrical characteristics and optical emission intensities of
differ from ours due to the power coupling efficiency in their the plasmas. The UEs in the B/Ar discharges were found
reactor. In addition, differences in reactor geometries, diluento depend on both the reactor pressure and thg ddRcen-
concentrations, and the mechanisms by which power is digration (i.e., the Nk partial pressune The greatest NJFUEs
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